The aim of this study was to fi nd potential biomarkers for meat tenderness in bovine Longissimus thoracis muscle and to compare results from isobaric Tag for Relative and Absolute Quantitation (iTRAQ) and 2-dimensional gel electrophoresis (2-DE) analysis. The experiment included 4 tender and 4 tough samples, based on shear force measurements at 7 d postmortem, from young Norwegian red (NRF) bulls, taken at 1 h postmortem. A number of the proteins which have previously been related to tenderness were found to change in abundance between tender and tough samples, both in iTRAQ (P < 0.1) and 2-DE analysis (P < 0.05). Furthermore, 3 proteins that have not previously been related to tenderness were found to change signifi cantly in abundance between tender and tough meat samples in the present study. These include proteins related to control of fl ux through the tricarboxylate cycle [2-oxoglutarate dehydrogenase complex component E2 (OGDC-E2)], apoptosis (galectin-1) and regulatory role in the release of Ca 2+ from intracellular stores (annexin A6). Even though the overlap in signifi cantly changing proteins was relatively low between iTRAQ and 2-DE analysis, certain proteins predicted to have the same function were found in both analyses and showed similar changes between the groups, such as structural proteins and proteins related to apoptosis and energy metabolism.
INTRODUCTION
Tenderness is considered to be the most important factor infl uencing consumer satisfaction for beef (Miller et al., 2001; Savell et al., 1987 Savell et al., , 1989 . The conversion of muscle into meat is a sequence of changes and events depending both on technological and biological factors (Lawrie, 1992) . Previous proteome studies of the insoluble protein fraction from bovine Longissimus thoracis muscle indicate that a variety of metabolic proteins, stress proteins, and structural proteins change in abundance during postmortem storage (Bjarnadóttir et al., 2010 (Bjarnadóttir et al., , 2011 . However, the possible relevance of these proteins to tenderness has not yet been assessed.
A large variation in beef tenderness has been reported (Hildrum et al., 1999; Brooks et al., 2000) , and the application of proteomics in meat science has developed in recent years with the aim to achieve a better understanding of the molecular mechanisms behind meat quality (Hollung et al., 2007; Bendixen et al., 2011) . Also the identifi cation of potential biomarkers for meat tenderness in cattle has gained attention in recent years (Bendixen, 2005; Bernard et al., 2007; Hocquette et al., 2007; Jia et al., 2009) . Previous studies have applied gel-based proteome approaches to identify proteins in porcine postmortem muscles which may be related to tenderness (Lametsch et al., 2003; Hwang et al., 2005; Laville et al., 2007) . Recent developments in quantitative mass spectrometry (MS) based technologies for proteome mapping allow more sensitive assays of the protein changes, as well as better identifi cation of the protein changes involved (Rinner et al., 2007; Butter et al., 2010) . It is therefore valuable to expand knowledge on meat tenderness through liquid chromatography (LC)-MS based quantitative methods. In this study, we used the isobaric Tags for Relative and Absolute Quantitation (iTRAQ) based labeling that allows multiplexed MS/MS analyses (Wiese et al., 2007) . It is also relevant to combine the results obtained using the 2 approaches, given that these methods have different technical biases and shortcomings, including restrictions related to isoelectric point (pI) and molecular weight (MW) of the analyzed proteins. It is important to notice that the quantifi cation methods used by the 2 technologies are based on different principles and therefore a direct 1-to-1 consensus is not expected.
The main goal of the present study was to identify proteins changing in abundance between animals producing tender or tough meat, based on shear force measurements taken at 7 d postmortem. Furthermore, the results obtained from two different proteomics approaches [iTRAQ and 2-dimensional gel electrophoresis (2-DE)] were assessed. The total protein fraction of bovine Longissimus thoracis muscle from Norwegian Red young bulls, was analyzed in samples collected 1 h after slaughter.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the samples were obtained from a commercial slaughter facility.
Animals and Sampling
The samples in this study were chosen from a collection of postmortem samples taken from 406 Norwegian Red, dual-purpose young bulls (approximately 13 mo of age/450 kg BW) from a performance test station (GENO-Breeding and AI Association) in 2003 to 2006. The experiment included 1-h postmortem muscle samples from 8 bulls from different slaughter groups which were chosen on the basis of 7 d postmortem shear force values, resulting in a tender (mean 41 N, range 39 to 42 N) and a tough (mean 82 N, range 80 to 84 N) group of samples from 4 bulls each. These samples were analyzed with both iTRAQ and 2-DE.
Measurements of the pH were taken at 48 h postmortem by inserting a glass-stick probe (InLab 427 Combination pH Puncture Electrode, Mettler Toledo Intl.
Inc., Greifensee, Switzerland) connected to a pH meter (Portamess 752 Calimatic, Knick, Berlin, Germany) into the muscle. The pH u for all samples in this study was in the pH range 5.4 to 5.6 (mean pH u = 5.5).
The bulls were transported (1 h) to a commercial abattoir (Nortura, Rudshøgda, Norway) and slaughtered within 2 h of arrival. The carcasses were electrically stimulated (90 V) approximately 30 min postmortem and the Longissimus thoracis muscles were subsequently hotboned. A piece of muscle tissue was taken at the 11th rib at 1 h postmortem, snap frozen in liquid nitrogen, and stored at −80°C until further analysis. For later shear force measurements, the remaining hot-boned Longissimus thoracis muscles were vacuum packed and kept at 12°C for the fi rst 10 h and at 4°C for the remaining storage period.
Shear Force Measurements
At 7 d postmortem, shear force measurements, using a modifi ed Warner-Bratzler shear force (WBSF) method, were performed for the Longissimus thoracis muscle samples taken approximately 15 cm posterior to the 11th rib. A 3.5-cm thick slice from each muscle was vacuum-packed in polyethylene bags, heated in water bath at 70.5°C for 50 min, and then chilled in iced water for 50 min. The meat slices were cut into rectangular pieces of 1×1×3 cm along the fi ber direction, with the longest axis (3 cm) parallel to the fi ber direction. A total of 10 parallels were sheared perpendicular to the fi ber direction with a triangular WBSF device which was attached to an Instron Materials Testing Machine (Model 4202, Instron Engineering Corporation, High Wycombe, UK), and the average maximum force (given as N/cm 2 ) for the 10 parallels was used in the data analysis (Rodbotten et al., 2000) .
Extraction of Muscle Proteins
Frozen muscle tissue (approximately 200 mg) was homogenized in 1 mL of urea buffer (7 M urea, 2 M thiourea, 2 % CHAPS, 1 % DTT) using Precellys 24 (Bertin Technologies, France) at 5,500 rpm for 2 × 20 s. The homogenate was shaken vigorously for 1 h at room temperature followed by centrifugation (30 min at 7,800 × g) to remove any insoluble components. Protein concentrations were measured with a commercial kit at 750 nm (RC-DC Protein Assay, Bio-Rad, Richmond, CA) in a spectrophotometer with BSA as a standard. These protein extracts were used for both iTRAQ and 2-DE based analyses.
iTRAQ Analysis
Protein Digest and iTRAQ Labeling of Peptides. For the iTRAQ analyses, samples were divided into 2 sets, each consisting of 2 tender and 2 tough meat sam-ples, to run two 4-plex analyses. The 8 muscle samples were treated in parallel for sample preparation and labeling of peptides with iTRAQ. The proteins from each sample were precipitated in ice cold acetone. Stock reagents, buffers, and the 4 isobaric tagging reagents were obtained from the iTRAQ Reagent Multi-plex kit (Applied Biosystems, Forster City, CA), and labeling was performed according to the manufacturer's manual. In brief, the precipitated protein (100 μg) was resuspended in 20 μL dissolution buffer (0.5 M triethylammonium bicarbonate, 0.1% SDS). Cysteine residues were reduced with 5 mM tris-(2-carboxyethyl) phosphine (1 h at 60ºC) and then blocked with 10 mM methylmethanethiosulfate for 10 min at room temperature. The proteins were digested with trypsin (Applied Biosystems) and incubated at 37ºC overnight. Each sample was passed through a 0.2-μm centrifuge fi lter (National Scientifi c Company, Rockwood, TN) for 10 min at 10,000 × g at 20ºC, to remove all impurities that could interfere with later HPLC separation. Isobaric tagging iTRAQ reagent (1 unit in ethanol) was added directly to the protein digests and incubated for 1 h at room temperature.
The 4 muscle samples in each iTRAQ set were labeled with masses 114 to 117, respectively, and combined in 1:1:1:1 ratios generating 2 sets of iTRAQ 4-plexes. After labeling, the 4-plexed samples were dried and stored at −80ºC.
2-D LC-MS/MS.
The iTRAQ-labeled peptides were redissolved in 0.03% formic acid (FA) and 5% acetonitrile in water. Peptide mixtures generated from digestion of 45 μg of protein were injected into an Agilent 1100 Series capillary HPLC equipped with a Zorbax Bio-SCX Series II, 0.8 x 50 mm column (Agilent Technologies, Palo Alto, CA). Peptides were eluted with a gradient of increasing NaCl, buffer A contained 0.03% FA, and 5% acetonitrile in water, and buffer B contained 0.03% FA, 5% acetonitrile, and 1 M NaCl in water (0 min, 0% B; 4 min, 0 % B; 10 min, 8% B; 20 min 15% B; 35.5min, 50% B; 45.5min, 100% B, 65.5 min, 100% B). The fl ow rate was 15 μL/min and fractions were collected every min for 60 min. The fractions were pooled into 11 samples.
The strong cation exchange (SCX) fractions were further separated on an Agilent 1100 Series nanofl ow HPLC system (Agilent Technologies) before MS identifi cation. The system was equipped with an isocratic pump working at 20 μL/min (0.1% FA and 3% acetonitril in water) for fast sample loading into an enrichmentcolumn (Zorbax 300SB C18, 0.3× 5 mm, 5-μm particle, Agilent Technologies). This ensured sample desalting and up-concentration. The enrichment column was then switched into the nanofl ow path (300 nL/min); the peptides were eluted and further separated on an analytical column (Zorbax 300SB C18, 75 μm × 150 mm, 3.5 μm particles) using a gradient with increasing concentrations of organic solvent (0 min, 5% B; 7 min, 5% B; 70 min, 40% B; 73 min, 95% B; 78 min, 95% B; 83 min, 5% B; 100 min, 5% B). Buffer A contained 0.1% FA in water and buffer B 5% water, 0.1% FA in acetonitrile. The eluted peptides were sprayed through a nanospray needle (New Objective, PicoTips, silica, no coating, OD 360 μm, ID 20 μm) directly into a Q-star Elite mass spectrometer (Applied Biosystems).
The raw data fi les were processed with the ProteinPilot 1.0 software (Applied Biosystems) using the ProGroup and Paragon algorithms for protein grouping and confi dence scoring (Shilov et al., 2007) . The target database used for searching was constructed as a non-redundant union of bovine sequences from UniProtKB, UniGene and Ensembl (May, 2010) plus common contaminants. To estimate the false discovery rate (FDR), a like number of reversed sequences were appended to the target protein list. There was no preprocessing (e.g., smoothing) of the raw data fi les before database searching. The database used the generic modifi cation set, which included among others deamidation and methionine oxidation. In addition, identifi cation of methylmethanethiosulfate cysteine was allowed. Search parameters within the ProteinPilot were set with an MS tolerance of 0.15 Da and a MS/MS tolerance of 0.1 Da. Each sample was SCX-fractionated and analyzed twice to gain greater reproducibility and proteome coverage as recommended by Chong et al. (2006) . Confi dence of protein identifi cation was selected in ProteinPilot to ProtScore of 1.3 (equivalent to 95% confi dence) and a minimum of 2 peptides per protein. The individual result fi les from each of the 2 iTRAQ sets were merged and aligned using the accession numbers. Statistical analysis was performed using the standard 2-tailed t-test procedure in R (R Development Core Team, Assessed 12 March 2012 http://www.R-project.org) at a significance level of 0.1. We opted for this level to have a more comprehensive biological interpretation than statistical stringency. In iTRAQ ratio calculation, there is a bias correction procedure which aims at accounting for possible systematic differences between the iTRAQ channels. This procedure markedly reduces the magnitude of the ratios and therefore masks part of the true difference between the sample groups. The calculations were done using log2 ratios (tender/tough) for each protein.
Two-Dimensional Gel Electrophoresis Analysis
G-Dye Labeling of Proteins. Samples from 8 animals were analyzed by the multiplex-fl uorescence 2-DE technology Refraction-2D (NH DyeAGNOSTICS GmbH, Halle, Germany). A volume of protein sample equivalent to 60 μg was labeled with 480 pmol of G-Dye (NH DyeAGNOSTICS GmbH). For technical replicates, each sample was labeled with both G-Dye200 and G-Dye300 and run on separate gels. As a reference, a mix of all samples was made, labeled with G-Dye100, and separated on all gels. Before labeling, lysis buffer (30 mM Tris, 7 M urea, 2 M thiourea, 4% CHAPS, pH 8.5) was added to the samples to a total volume of 10 μL. The samples were vortexed and left on ice for 30 min in the dark. After stopping the reaction by adding 1 μL Labeling Stop Solution (NH DyeAGNOSTICS GmbH), the samples were vortexed and left on ice for 10 min in the dark. Finally, differentially labeled samples were mixed. Before separation, all samples were randomized.
2-DE Run. Protein separation in the fi rst dimension was performed on immobilized pH gradient (IPG) strips (Bio-Rad), 24 cm, spanning the pH region 4 to 7. For analytical 2-DE, 180 μg pre-labeled proteins (60 μg tender, 60 μg tough, and 60 μg reference samples) were loaded onto each IPG strip by in-gel rehydration overnight at room temperature. For preparative 2-DE, 500 to 1,000 μg unlabeled protein were loaded onto the IPG strips. The isoelectric focusing was performed using the Ettan IPGPhor II unit (GE Healthcare BioSciences, Uppsala, Sweden). In the initial step, a low voltage (100 V) was applied followed by a stepwise increase to 8,000 V reaching a total of 77,000 Vh. In the second dimension. proteins were separated on 12.5% SDS-PAGE using the Ettan DALTtwelve large format vertical system (GE Healthcare Bio-Sciences, Uppsala, Sweden). G-Dye labeled gels were scanned directly after SDS-PAGE using the Ettan DIGE Imager (GE Healthcare Bio-Sciences), with excitation wavelengths of 480 nm, 540 nm, and 635 nm for G-Dye100, G-Dye200, and G-Dye300, respectively. The emission wavelengths for G-Dye100, G-Dye200, and G-Dye300 were 530 nm, 595 nm, and 680 nm, respectively. The exposure time was 2.00 s, 0.40 s, and 1.25 s for G-Dye100, G-Dye200, and G-Dye300, respectively. Preparative gels were silver stained according to Shevchenko et al. (1996) . Several preparative gels were made for repeated identifi cation of the proteins.
Image Analysis and Data Analysis. Analytical 2-DE images were imported into Progenesis SameSpots version 4.1 (Nonlinear Dynamics Ltd., Newcastle-uponTyne, UK), where artifacts and mismatched spots were removed by manual editing. The protein spots were matched across all 16 gels, and a data set consisting of 147 protein spots was created after detection and manual editing. The protein volumes were reported as the ratio between the amount of protein measured in the reference image (G-Dye100) and the amount of the same protein measured in the sample image (G-Dye200 or G-Dye300). The resulting table was imported into Unscrambler version 9.8 (CAMO A/S, Oslo, Norway) for validation of the data by principle component analysis (data not shown). Signifi cance testing was performed with a rotation test in the 50-50 MANOVA program (Assessed 12 March 2012 http://www.langsrud.com/ stat/ffmanova.htm) for calculation of adjusted P values (Langsrud, 2005) , thereby reducing the FDR, and the signifi cance level was set at 0.05. Signifi cance testing was also performed by partial least squares regression (PLSR) analysis in the Unscrambler program, where an uncertainty test by Jack-knife was run on the optimal number of components. Both of the technical replicates were included in the statistical analysis, where they were treated simultaneously in the cross validation in Unscrambler and used as a factor in the 50-50 MANOVA analysis. Hence, the technical replicates were treated as repeated measurements in the applied statistical analyses.
Identifi cation of Protein Spots from 2-DE. Protein spots of interest were excised from silver stained gels with pipette tips and extracted from the gels. Samples were prepared for MS analysis according to methods previously described (Jia et al., 2006) , with minor modifi cations. After the addition of 30 μL trypsin digestion buffer, the gel pieces were incubated on ice for 30 min before incubation at 37°C overnight. For purifi cation of digested proteins, a column was prepared by packing a small plug of C18 material (3M Empore C18 extraction disk, Varian, St. Paul, MN) into a Gelloader tip (20 μL, Eppendorf, Hamburg, Germany) as described by Gobom et al. (1999) . The sample was directly eluted from the column with 0.8-μL matrix-solution (15 mg/mL α-cyano-4-hydroxycinnamic acid; Bruker Daltonics, Leipzig, Germany) in 50% acetonitrile (ACN) and 0.1% trifl uoroaceticacid (TFA) and spotted directly on the matrix-assisted laser desorption ionization (MALDI) plate (MTP 384 target plate ground steel TF, Bruker Daltonics, Bremen, Germany).
An Ultrafl ex MALDI-tandem time-of-fl ight (TOF/ TOF) mass spectrometer with the LIFT module (Bruker Daltonics) was used for protein identifi cation. Peptide calibration standard I (Bruker Daltonics) was used for external calibration, and known trypsin peaks were used for internal calibration. A peak list was generated in FlexAnalysis 3.3 (Build 65, Bruker Daltonics) with median baseline subtraction of 0.8 in fl atness and smoothing by the Savitzky-Golay fi lter of 0.2 m/z in width. For interpretation of MS and MS/MS spectra, BioTools 3.2 (Build 1.31, Bruker Daltonics) was used. Proteins were identifi ed by peptide mass fi ngerprinting (PMF) using the database search program MASCOT (Assessed 12 March 2012 http://www.matrixscience.com/), searching against the mammalian NCBInr 20101130 database. Search parameters within MASCOT were set with an MS tolerance of 0.5 Da and a MS/MS tolerance of 0.5 Da, and the maximum of missed cleavage sites was 1. Carbamidomethyl (C) and oxidation (M) were used as fi xed and variable modifi cations, respectively. The MS/ MS analysis and repeated MASCOT-based database searches of precursor ions recognized in the PMF search were performed to confi rm the PMF-based protein identifi cation. The MASCOT score, number of peptide matches, sequence coverage, pI, and molecular weight were used to evaluate the database search results.
RESULTS AND DISCUSSION
The main goal of the present study was to identify proteins changing between tender and tough meat samples, with 2 different proteomics approaches (iTRAQ and 2-DE). These methods are based on different principles with regards to sample preparation, separation, and quantifi cation and therefore comparison of identifi ed proteins between the methods was also assessed. In 2-DE based analyses, proteins are digested after separation, while the digestion takes place before the separation step in LC. The advantage of digestion before separation is that large proteins and proteins with extreme pI values are degraded to smaller molecules, which allow them to be analyzed by MS, and identifi cation is enhanced. Moreover, the use of LC-MS for identifi cation of proteins in a peptide digest provides the opportunity of identifying the entire subset proteins present in the given sample, regardless of whether the proteins are signifi cantly differentially expressed between groups or treatments. For 2-DE, only proteins found to change in abundance are usually identifi ed.
A relatively low diversity of muscle proteins were observed from the 2 iTRAQ sets, namely 115 proteins and 143 proteins, and only 100 proteins were identifi ed in both sets. This is a well known problem in analyzing muscle tissues, which are highly dominated by a few major protein groups related to the contractile apparatus (Hornshoj et al., 2009) . Nine of these 100 proteins differed in relative abundance between the tender and tough group (Table 1) . For the comparative 2-DE analysis, the majority of the proteins were located within pH 5 to 7, and a total of 147 protein spots were matched across all gels (Figure 1) . When the 8 samples analyzed by iTRAQ were analyzed by 2-DE, a total of 13 proteins were found to change signifi cantly in relation to tenderness. Ten of these were successfully identifi ed (Table 2) . Proteins in the pH range between 4 and 7 and the molecular mass region of 10 to 75 kDa were included.
The identifi ed proteins are in concordance with previous fi ndings of proteins related to tenderness in postmortem muscles. However, only 2 proteins (actin and myosin light chain) were found to change signifi cantly in relation to tenderness in both iTRAQ and the corresponding 2-DE analysis. Full-length version of actin was observed with decreased abundance in the tender group in both methods and previous proteome studies of porcine and bovine muscle have reported similar results (Kim et al., 2008; Laville et al., 2009 ). Actin has also been reported to be present in less abundance in bovine muscle samples taken at 36 h postmortem and correlated to WBSF at 72 h postmortem (Zapata et al., 2009 ). In addition, Zapata et al. (2009) also reported that 1 myosin light chain was present in greater abundance in tender meat samples, while 2 myosin light chains were present in less abundance in tender meat. Similar results were observed in the present study, where 2 spots of myosin regulatory light chain 2 were more abundant in the tender muscle samples, while 1 spot was less abundant. Moreover, the iTRAQ analysis revealed that myosin light chain 1 had decreased abundance in the tender group. Jia et al. (2009) reported that myosin light chain 1 was more abundant in muscle biopsies from tender meat. Taken together these results indicate that the abundance of specifi c myosin light chains is closely related to tenderness of meat. Previous studies have indicated that intrinsic properties of muscle, such as fi ber type, may play a role in the development of tenderness (for a review see Maltin et al., 2003) . Different myosin light chains may indicate different composition of fi ber types, which may explain why some myosin light chains are upregulated in tender meat while others are downregulated. However, the current existing knowledge regarding specifi c pat- terns of myosin light chain is not suffi cient to link specifi c patterns to fi ber composition and tenderness.
It cannot be concluded whether proteins that were found to be signifi cantly differentially present in iTRAQ analysis were also present on the 2-DE gels, given that we in 2-DE only identifi ed proteins that were found to change in abundance between the tender and tough samples in the 2-DE analysis. However, even though the other 8 proteins (Table 2) identifi ed in the 2-DE analysis were not found to be signifi cantly regulated according to the iTRAQ data, they were indeed present among the identifi ed proteins in the analysis (Supplementary Table 1 ; available online at http://jas.fass.org; doi:10.2527/jas2011-4721). The cause of this discrepancy might be related to the different quantifi cation methods or that the proteins undergo post translational modifi cations (PTM), which would exclude them from contributing to the quantifi cation analyses in the iTRAQ data (Shilov et al., 2007) . A larger panel of proteins was observed by 2-DE comparative analysis (147 vs. 100 proteins in iTRAQ analysis), which partly explains why more proteins were found to be signifi cantly changed between the 2 experimental groups in that analysis (13 vs. 9 proteins in the iTRAQ analysis). On the other hand, proteins with greater MW, including collagen alpha-1 and alpha-2, were quantifi ed by iTRAQ analysis. These proteins are not expected to enter the gel matrix in a 2-DE analysis, and it is therefore not surprising that they were not observed in the 2-DE analysis. These results demonstrate the advantage of combining technologies which have very different technological bias and shortcomings. It also clearly shows that iTRAQ is more suitable for identifi cation of greater MW proteins than 2-DE and thus would be more suitable for identifi cation of large structural proteins in muscle. Even though the overlap of regulated proteins across the 2 technologies was limited, several proteins are predicted to have similar functions. For example, galectin-1 (identifi ed in iTRAQ) and Hsp70 (heat shock protein 70; identifi ed in 2-DE), which are both related to apoptosis and were both found to have decreased abundance in the tender meat samples.
Galectin-1 has been found to induce apoptosis of activated human T cells and human T leukemia cell lines (Perillo et al., 1995) , while Hsp70 is known to directly inhibit apoptosis (Beere et al., 2000) . In a previous study of proteome changes in biopsies from bovine muscle taken 4 d before slaughter, Hsp70 had less abundance in tender animals (Jia et al., 2009) et al. (2009) suggested increased rates of apoptosis in muscle samples taken within 10 min after slaughter from animals producing tender meat. Indeed, the decreased abundance of Hsp70 in the tender samples in our study also indicates a potential increase of apoptosis in these samples. However, the results for Galectin-1 are contradictory to these fi ndings. Galectin-1 belongs to a family of β-galactoside-binding proteins, and this particular protein has been demonstrated to have several functions under different conditions. In addition to acting as a promoter of apoptosis, Galectin-1 may also act as a mitogen and as an inhibitor of cell proliferation, and it is also known to be implicated in skeletal muscle differentiation (Scott and Weinberg, 2004; Chan et al., 2006) . Given that galectin-1 participate in other biological processes than apoptosis, it is hard to conclude that the reduced abundance of this protein in the tender samples is directly related to apoptosis. Galectin-1 has, to our knowledge, not previously been associated to tenderness.
Collagen types I and III are the major fi ber-forming collagen types in connective tissue in muscle. Riley et al. (2005) reported signifi cant correlations between the toughness of cooked meat and collagen content for Brahman cattle. During the heat treatment for shear force analysis in the present study, the collagen content in the muscle will have partly dissolved. However, no measurements on collagen solubility were performed in the present study. Our iTRAQ study clearly showed a reduced abundance of collagen alpha-1 and alpha-2 in the tender meat samples, which correlates well with the decreased shear force values observed. In fact, the majority of structural proteins observed in this study were found to have less abundance in the tender samples.
A total of 4 enzymes related to the energy metabolism postmortem were found to change in abundance between tender and tough samples. The 2-oxoglutarate dehydrogenase complex component E2 (OGDC-E2) (identifi ed in iTRAQ) has been implicated in exerting noticeable control of fl ux through the tricarboxylate cycle (Hansford, 1980) . This enzyme complex has, to our knowledge, not yet been correlated to tenderness. Greater abundance of OGDC-E2 in the tender samples might indicate increased rate of the conversion of 2-oxoglutarate to succinyl-CoA and CO 2 in that group. It can also indicate an increased fl ux through the tricarboxylate cycle for animals that provide more tender meat. In a previous proteome analysis of bovine muscle samples, 5 enzymes involved in the glycolytic pathway and the tricarboxylic cycle increased in intensities immediately after slaughter (Jia et al., 2006) . However, these changes in protein abundance were not related to tenderness. Creatine kinase (identifi ed in 2-DE), which plays an important role in the anaerobic metabolism in the muscle cell after slaughter, showed greater abundance in the tender group. This protein was also found to be upregulated in tender meat samples in a proteome study of bovine muscle in relation to WBSF values at 14 d postmortem (Zapata et al., 2009) . Greater expression of creatine kinase in tender samples may indicate greater demand for ATP production. Two individual spots containing beta-enolase (identifi ed in 2-DE) showed greater abundance in the tender group. In an assessment of postmortem proteolysis and its relationship to meat quality in porcine muscle, beta-enolase was among candidate proteins (Hwang et al., 2005) . However, these authors did not fi nd any correlation of this proteins abundance to meat quality traits.
Four and one-half LIM domains protein 3 (FHL-3; identifi ed in iTRAQ) participates in the remodeling of myofi laments after physical effort and stress by binding to actin, thus inhibiting α-actinin-actin bundling activity (Mitchell et al., 2003) . It also plays a role in mechanical stabilization of muscle cells through interaction with α 7 β 1 integrin receptors (Wixler et al., 2004) . Our results indicate that this protein is upregulated in tender meat samples. However, FHL-3 has been reported to be upregulated in tough meat samples in previous studies of bovine and porcine muscles (Laville et al., 2007 (Laville et al., , 2009 . The discrepancy between these previous studies and our results may arise from time of sampling and protein fractionation. Samples were taken within 10 min and at 20 min postmortem from bovine and porcine muscles, respectively, and the soluble protein fraction was analyzed for the porcine muscles (Laville et al., 2007 (Laville et al., , 2009 . The annexins are a multigene family which are associated with sarcoplasmic reticulum membranes in skeletal muscle and may play a regulatory role in the release of Ca 2+ from intracellular stores (Gerke and Moss, 2002) . Less abundance of annexin A6 (identifi ed in iTRAQ) in the tender samples may lead to an accelerate release of Ca 2+ and thus affect the activity of calpains, which are Ca 2+ -dependent and responsible for postmortem proteolysis of key myofi brillar and cytoskeletal proteins (Koohmaraie, 1994; Taylor et al., 1995) . Annexin A6 has, to our knowledge, previously not been correlated to tenderness.
We have previously observed in large-scale 2-DE analysis of tender and tough meat that variation in protein expression is larger in tough meat samples (data not shown). Further investigations of this issue are currently ongoing.
Given the low diversity in pH range for both tender and tough meat samples, in addition to the fact that all of the animals included in the experiment were electrically stimulated shortly after slaughter, the protein variation observed in the present study might be resulting from environmental or genetic variations or both. In conclusion, most of the proteins found to change signifi cantly between tender and tough sample groups (both in iTRAQ and 2-DE analysis) are inline with previous reports on meat tenderness. The limited number of proteins detected by both analyses can be explained by the fact that the methods are based on different principles for identifi cation and quantifi cation. Some proteins that are undetectable on 2-DE gels because of their high MW were found to change signifi cantly between the 2 experimental groups in the iTRAQ analysis. Thus, by using both methods for identifi cation of proteins, a greater number of putative markers related to meat quality traits can be identifi ed. The most relevant fi nding of our study is that both technologies confi rmed and extended the common knowledge about the molecular mechanisms in the development of tender meat, that is, highlighting the signifi cance of proteins related to apoptosis and the postmortem energy metabolism postmortem for the tenderization process.
